This work was carried out to achieve a better understanding of how SOFC anodes work with real fuels. The motivation was to improve the fuel flexibility of SOFC anodes, thereby allowing simplification and cost reduction of SOFC power plants. The work was based on prior results indicating that Ni-YSZ anode-supported SOFCs can be operated directly on methane and natural gas, while SOFCs with novel anode compositions can work with higher hydrocarbons.
Abstract
This work was carried out to achieve a better understanding of how SOFC anodes work with real fuels. The motivation was to improve the fuel flexibility of SOFC anodes, thereby allowing simplification and cost reduction of SOFC power plants. The work was based on prior results indicating that Ni-YSZ anode-supported SOFCs can be operated directly on methane and natural gas, while SOFCs with novel anode compositions can work with higher hydrocarbons.
While these results were promising, more work was clearly needed to establish the feasibility of these direct-hydrocarbon SOFCs. Basic information on hydrocarbon-anode reactions should be broadly useful because reformate fuel gas can contain residual hydrocarbons, especially methane.
In the Phase I project, we have studied the reaction mechanisms of various hydrocarbonsincluding methane, natural gas, and higher hydrocarbons -on two kinds of Ni-containing anodes:
conventional Ni-YSZ anodes and a novel ceramic-based anode composition that avoid problems with coking. The effect of sulfur impurities was also studied. The program was aimed both at achieving an understanding of the interactions between real fuels and SOFC anodes, and providing enough information to establish the feasibility of operating SOFC stacks directly on hydrocarbon fuels. A combination of techniques was used to provide insight into the hydrocarbon reactions at these anodes during SOFC operation. Differentially-pumped mass spectrometry was be used for product-gas analysis both with and without cell operation. Impedance spectroscopy was used in order to understand electrochemical rate-limiting steps. Open-circuit voltages measurements under a range of conditions was used to help determine anode electrochemical reactions. Life tests over a wide range of conditions were used to establish the conditions for stable operation of anodesupported SOFC stacks directly on methane. Redox cycling was carried out on ceramic-based anodes. Tests on sulfur tolerance of Ni-YSZ anodes were carried out.
I. Introduction
Fuel cell power plants have been successfully demonstrated many times, but the high cost of these systems has prevented commercialization. One of the key factors that contributes to this high cost is a lack of fuel flexibility. Fuel cells generally operate only on hydrogen, which is neither readily available nor easily stored. Ideally, fuel cells should be able to utilize a range of conventional hydrocarbon fuels, ranging from natural gas to propane to gasoline. To utilize hydrocarbons, fuel cell power plants usually employ fuel reforming, which convert fuels into hydrogen that can be used directly. Reforming and exhaust-gas recirculation (which provides the steam for reforming) leads to additional plant complexity and volume, increasing cost. Real fuels also contain sulfur contaminants that typically poison fuel cell anodes, decreasing performance.
Thus, adsorbents must be used to remove the sulfur and the adsorbent materials must be changed or regenerated after they become saturated. Based on the above arguments, fuel cell system cost could be substantially reduced if the fuel cells themselves could operate directly on real fuels.
Recent reports have described SOFC operation directly on methane and natural gas.
These results have challenged traditional views that large amounts of steam are required to prevent carbon deposition on Ni-containing anodes. Heavier hydrocarbons such as propane, butane, and even gasoline have been used directly in SOFCs 1,2 although it was necessary in this case to utilize alternate anode compositions: replacing the Ni with either Cu or a conducting ceramic. Prior to this study, there had been little attempt to understand the mechanisms whereby direct-hydrocarbon SOFCs operate.
In the Phase I project, we have studied the reaction mechanisms of hydrocarbons on two kinds of Ni-containing anodes: conventional Ni-based anodes and ceramic-based anodes. The effect of sulfur impurities and of redox cycling was also considered. The program was aimed both at achieving an understanding of the interactions between real fuels and SOFC anodes, and at providing information required to operate SOFCs directly on hydrocarbon fuels. In particular, we have carried out detailed studies of the operation of Ni-YSZ anodes in methane-containing fuels, including cell tests, impedance spectroscopy, mass spectrometric studies of anode exhaust gas, studies of open circuit voltages, studies of the addition of H 2 S to the fuel, lifetime studies designed to determine useful direct-methane operating conditions. In addition, new ceramicbased anodes have been developed that provide good performance without coking with a range of hydrocarbon fuels and are also extremely tolerant of redox cycling.
II. Executive Summary
A broad study of the operation of Ni-YSZ anode supported SOFCs directly on methane has been carried out. While many experiments remain to be done, the results are beginning to provide a clearer picture of how these cells operate. Furthermore, they have made it clear that there is a range of conditions where SOFCs can be successfully and stably operated on methane. In addition, studies of ceramic-based anodes have confirmed key advantages of these materials, including ability to work with a range of hydrocarbon fuels and good performance under redox cycling.
Nonetheless, considerable work remains to be done to understand the operation of these anodes, and to improve power densities to viable levels. The following are the main conclusions of this Phase I study.
( density. With increasing current, the cathode polarization decreased rapidly to a saturation value, whereas the anode polarization increased continuously with increasing current. The anode polarization was substantially larger for methane than for hydrogen.
These results indicate that gas diffusion in the anode support played an important role in determining cell performance; this suggests that, in general, SOFC performance will be strongly dependent on anode parameters including thickness, porosity, and tortuosity. For ceramic-based anodes, the anode polarization was substantially larger in propane than for hydrogen.
(4) Mass spectrometer measurements showed that the expected reaction products -H 2 , H 2 O, CO, and CO 2 -all increased with increasing cell current density. The dominant products at 800 o C were H 2 and CO, in agreement with thermodynamic predictions.
However, the thermodynamic predictions could not directly explain the lack of coking during direct methane operation. Basic characterization using SEM and energy-dispersive x-ray analysis was carried out using a Hitachi 3500 microscope. X-ray diffractions measurements were done with a standard powder diffractometer.
SOFC tests were carried out from 500 to 800C with air at the cathode and a variety of fuel gases. For Ni-YSZ anode cells, the anodes were first reduced in humidified hydrogen (~3%H 2 O) by keeping the cell at 700 to 800C for several hours. The I-V curves and electrochemical impedance spectra (EIS) were obtained using an IM6 Electrochemical Workstation (ZAHNER, Germany). The frequency range for the impedance measurement was 0.1Hz to 100KHz. Anode exhaust gas was sampled during cell operation using a differentiallypumped mass spectrometer.
IV. Results and Discussion

Basic SOFC Testing
Ni-YSZ Anodes shown for hydrogen. This trend agrees reasonably well with the OCV predicted based on the equilibrium anode gas composition: this is discussed further in section 2. The I-V curves are not linear. For methane, the initial resistance is higher than for hydrogen. A similar gas diffusion limitation can be seen for both fuels at 800 o C. This effect was explored in more detail using impedance spectroscopy (see section 3 below). While these ceramic-based anodes show good promise for fuel-flexible SOFCs, it is clear that their practical application will require that they be implemented in thin-electrolyte cells where the electrolyte does not have significant electronic conductivity. We have thus begun the fabrication of anode-supported SOFCs using (Sr,La)TiO 3 (SLT) supports and YSZ (or Ceria/YSZ) electrolytes. While the resistance of (Sr,La)TiO 3 (≈0.1Ωcm) is higher than that of Ni-YSZ, the area-specific resistance of a 1-mm-thick anode support is still only 0.01Ωcm 2 . This approach is also interesting because the raw materials for the LST supports will be quite inexpensive. At present, anode-supported electrolytes have been successfully prepared by cosintering, but testing has not yet been carried out.
Ceramic Anodes
Open circuit voltage measurements
As noted in Figure 1 , OCV values for methane increase with increasing T. The OCV values are plotted versus T for both hydrogen and methane in Figure 4 . Also shown are predicted OCV values, assuming that the humidified methane reaches equilibrium. The experimental and predicted OCV values are in good agreement, except that the experimental values are ≈ 50mV lower. This was presumably due to experimental issues, e.g. slight gas leaks in the cell test. This suggests that the fuel reached equilibrium at the anode.
As a further test to determine if the fuel gas was reaching equilibrium at the anode, CO 2 gas was added to the fuel stream. The predicted response is different depending upon whether the CO 2 does not react, reacts with other fuel components (e.g. CH 4 ) to produce a new equilibrium gas composition, or is the product of a specific reaction (e.g. CH 4 Figure 5a shows the change in OCV with CO 2 amount added to humidified hydrogen. The OCV decreases substantially with increasing CO 2 , and agrees reasonably well with the OCV calculated assuming equilibrium.
Also shown is the OCV calculated assuming the CO 2 is an inert diluent, which does not agree with the data. Figure 5b shows the change in OCV with T for CH 4 with 20% CO 2 added. The equilibrium calculated OCV, also shown, follows a similar trend to that shown in Figure 4 , but with a lower OCV due to the added CO 2 . The experimental results agree with the prediction reasonably well for ≥750C, but the measured OCV was higher than the predicted value at lower
T. This suggests that the anode was not seeing an equilibrated fuel-gas mixture. Indeed, the OCV at low T begins to approach the OCV calculated assuming CO 2 was an inert diluent (see Fig. 5b ). Note that the OCV predicted assuming direct methane electrochemical oxidation yields lower OCV than the data, precluding this as a possible anode mechanism. Thus, it is dangerous to assume that the fuel gas reaches equilibrium under all conditions, especially low temperature.
Electrochemical Impedance Spectroscopy (EIS)
Ni-YSZ Anodes
Considerable effort was invested in Phase I to make EIS measurements on symmetrical anode samples -this measurement has the advantage of having a clear interpretation because of the symmetry of the impedance geometry. However, the symmetrical samples invariably showed polarization resistances much larger than observed in SOFCs. We have looked at the possibility that the large resistance is associated with the reverse current flow direction through one of the anodes during the symmetrical test. However, our cell measurements with current reversed (electrolysis) do not show a substantial difference in impedance with current direction. Extensive EIS testing on anode-supported cells has been carried out. While the nonsymmetrical nature of these samples leaves some issues regarding the exact interpretation of the EIS data, most researchers believe that realistic trends can be determined using even a relatively simple EIS interpretation. We can resolve anode and cathode arcs by switching the gas compositions on the respective sides of the cells.
Impedance spectra were taken for a SOFC operated in humidified H 2 and CH 4 at different currents at 700°C. where t chem is the relaxation time related to the chemical processes of solid-state diffusion and O 2 surface exchange, and R chem is the characteristic resistance describing the chemical contributions to the cathode impedance. A fit to the arc using eqn. 1, shown in Fig. 6 , yielded a good fit to the low frequency portion. The high frequency portion was apparently associated with the anode process.
The character of the impedance spectra changed considerably at non-zero J values, as shown in Fig. 7a (hydrogen) and Fig. 7b (methane) at 700°C for J = 400mA/cm 2 . The higherfrequency (anode) arc has increased in size, becoming the dominant feature, while the lowfrequency (cathode) arc has become smaller. The figures also show that fits to the lowfrequency arc using eq. 1 are reasonably good. The fact that the arc size was the same for both fuels supports the idea that these are cathode arcs. The high frequency arc is ≈ 3 times larger for methane than for hydrogen, and the shape of the arc is different. 
where J as is the anode limiting current Figure 7 . Electrochemical impedance spectra at 700°C for the cell shown in Fig. 6 , but taken at J = 400mA/cm 2 , for both hydrogen and methane. Also shown are fits to the low frequency arcs using eq. 1. 4 also increases with increasing current, but is larger than for H 2 . There is a larger J=0 polarization for methane, but the mass transport limitation appears to be similar for hydrogen and methane.
These results show that anode polarization became the dominant loss at higher J values, and that the loss was substantially larger for methane. This loss may have been related to slow kinetics for a methane oxidation or dissociation step, or possibly due to a low hydrogen concentration (assuming that the anode reaction was primarily hydrogen produced within the anode). Since mass transport plays an important role in the anode impedance, it is clear that, in general, results for anode-supported cells may vary widely for different anode supported cells depending on anode thickness, porosity, and tortuosity (the latter two determine D a(eff) in eq. 3).
Ceramic Anodes
Impedance measurements have been carried out on SOFCs with ceramic-based anodes, i.e. (La,Sr)(Cr,V)O 3 with Gd-doped Ceria and a small amount of Ni. An example is shown in Figure 9 , where it is seen that there are two main impedance arcs associated with the anode for both hydrogen and propane. The anode polarization increased by ≈30% for propane relative to hydrogen, but there was relatively little change in the shape of the arcs.
Anode reaction products
In order to obtain a clearer picture of anode reactions with methane, mass-spectrometer measurements of the anode exhaust gas have been carried out. Figures 10a and 10b show the real-time changes in the exhaust CO 2 and H 2 O as a function of J, during SOFC operation in Figure 9 . EIS results taken at OCV for a GDC-electrolyte cell with a LSCV-GDC-Ni anode in hydrogen or propane. humidified methane at 800°C. The lag times for the measured partial pressures to stabilize were related to the time required for the anode gases to reach the mass spectrometer through the sampling tube and differential pumping system. The lag time for H 2 O was longer, presumably due to the tendency of H 2 O to adsorb on surfaces. One problem with the mass spectrometer data is the "zero blast", which causes the mass spectrometer to under-estimate the size of the hydrogen peak. Figure 11 shows the concentration changes for various products derived from the mass spectrometer data. Each of the species H 2 , CO, CO 2 , and H 2 O increased with increasing J, but the increases in H 2 and CO were substantially larger. Figure 12 shows results of thermodynamic calculations of the equilibrium anode gas composition assuming an input fuel composition of humidified (~3% H 2 O) CH 4 , and including the addition of oxygen via fuel cell operation, at 700 and 800°C. A similar calculation based on diluted dry methane feed gave similar results. 6 At low current density J, and hence O 2 -to-CH 4 ratio χ,, the reaction products -primarily solid carbon and hydrogen -indicate methane cracking. As χ increases up to 0.5, the main change is that solid carbon is replaced by CO. That is, the dominant reaction resulting from SOFC operation was partial oxidation of C. Note that increasing χ to ≥0.5 eliminates coking. This general trend has been reported previously. 4.0x10 -7 6.0x10 -7 8.0x10 actual electrochemical reaction products are non-equilibrium, the product gas has ample opportunity to equilibrate as it passes through the thick Ni-YSZ anode. While Fig. 12 also correctly predicts that coking is suppressed at high enough J, a quantitative comparison shows that the overall χ values in our experiments were only ≈ 0.05. While this value is too low to explain the lack of coking, it should be noted that cell reaction products are concentrated within the anode, which may lead to a high "local" χ value. Simulations of the fuel-gas composition within the anode are required to obtain a better understanding of direct-methane operation.
These results indicate that in a SOFC operating on humidified CH 4 
CO + H 2 O = CO 2 + H 2 (11)
Matruzaki et. al. 6 studied the electrochemical oxidation of H 2 and CO in a H 2 -H 2 O-CO-CO 2 system at the interface of a Ni-YSZ cermet electrode and YSZ electrolyte and showed that at high temperatures, the reaction rate of (12) is much faster than (10) and the shift reaction (11) is faster than the electrode reaction. There are also several other reports 8, 9, 10 showing that the oxidation of hydrogen is the main electrode reaction on the Ni-YSZ cermet electrode in a CH 4 -H 2 O system when S/C is higher than unity. One could argue that eq. 12 is also the primary kinetic pathway for the direct-methane SOFC. In this case with very low S/C ratio, the H 2 generated via eq. 7 is limited due to the small amount of H 2 O. However, H 2 is also generated via eq. 4 and, at higher J, by reformation via reaction products (e.g. reaction 7), as indicated by Figs. 11 and 12. According to Fig. 12, H 2 is the main gas-phase product at equilibrium, such that the diffusion limiting current given by eq. 3 should be similar to that for pure H 2 fuel -this agrees with the results in Figs. 1a and 1b which show similar limiting currents for H 2 and CH 4 . One problem with this interpretation is that it cannot explain the high OCV values observed for methane (Fig. 4) . Indeed, the calculated equilibrium OCV shown in Fig. 4 includes solid C (Fig.   12 ) on the anode; carbon oxidation (e.g. reaction 8) must be involved to some extent in order to produce this high OCV.
Detailed modeling of the diffusional processes and chemical reactions within the Ni-YSZ anode are required to fully understand this problem
Extended cell testing
Cell Stability and Coking Effects -Ni-YSZ
We have mapped out the stability region (versus temperature and current density) for anode-supported SOFC operation on methane. Figure 13 shows results taken at 700, 750, and Fig. 13a, 700C , stability in methane was excellent as long as a minimum cell current density J = 0.1 A/cm 2 is maintained. At J = 0, on the other hand, the voltage degraded gradually over several hours. The results were similar at 750 (Fig. 13b) and 800 o C (Fig. 13c) , but increasingly large critical current values, 0.8 < J c 750 < 1.2 A/cm 2 , 1.4 < J c 800 < 1.8
A/cm 2 , respectively, were needed to maintain stable operation. This is reasonable given that the rate of methane cracking increases rapidly with increasing T above ≈700C, and assuming that the oxygen ion flux was needed to prevent coking. 11 A few initial experiments varying methane flow rate and anode thickness/porosity showed that these factors have relatively weak effects on the critical J value for maintaining stable operation. In addition, a few longer tests were carried out for longer times to help assure that coking was not occurring beyond the 3-4h time frames shown in Fig. 13 . As shown in Fig. 14 , a cell operated in methane was stable during a 100 h test.
Initial attempts have been made to examine the effect of methane concentration on stability. This is relevant to understanding SOFC operation in partially-reformed hydrocarbon fuels, where there will be significant amounts of methane present. In these initial experiments, the effect of methane concentration alone was examined (i.e. without introducing any other reforming species) by using a 50% methane -50% Ar mixture. The SOFC stability results at SEM-EDX measurements also provided insight into the coking process in the anodes.
For this measurement, a SOFC was operated in humidified methane at 700°C for several hours and then was cooled rapidly in Ar. Figure 17 shows that a small EDX carbon signal was present in the anode, and that it varied as a function of depth through the anode. The carbon content increased from the electrolyte interface to the free surface. This variation can be understood based on a simple model of gas composition versus depth during direct-methane operation,
shown schematically in Fig. 18 . It is well known that mass transport through the anode produces substantial partial pressure gradients, especially at high current densities. 5 Thus, the methane partial pressure decreases from the free surface to the electrolyte, whereas the product partial pressures follow the reverse trend. Note that the simplified model shown in Fig. 18 does not include reforming reactions that will occur within the anode. These will consume CH 4 , H 2 O, and CO 2 , such that the concentration gradients shown will be increased. In any case, it is clear from 
Redox Cycling -Ceramic Anodes
A well-known problem with Ni-YSZ anodes is the degradation that occurs upon redox cycling. 12 Ceramic-based anodes provide an opportunity to avoid this problem because there is little volume expansion or contraction upon reduction and oxidation. To test this hypothesis, we carried out redox cycling experiments on the GDC-electrolyte cells with LSCV-GDC-Ni anodes. 
V. Conclusions
A broad study of the operation of Ni-YSZ anode supported SOFCs directly on methane has been carried out. While many experiments remain to be done, the results are beginning to provide a clearer picture of how these cells operate. Furthermore, they have made it clear that there is a range of conditions where SOFCs can be successfully and stably operated on methane.
In addition, studies of ceramic-based anodes have confirmed key advantages of these materials, including ability to work with a range of hydrocarbon fuels and good performance under redox cycling. Nonetheless, considerable work remains to be done to understand the operation of these anodes, and to improve power densities to viable levels. The following are the main conclusions of this Phase I study. 
EIS measurements were carried out primarily on SOFCs, because attempts to do measurements on symmetric anode samples did not yield reasonable results. The SOFC results showed that the cathode polarization dominated only at very low current density. With increasing current, the cathode polarization decreased rapidly to a saturation value, whereas the anode polarization increased continuously with increasing current. The anode polarization was substantially larger for methane than for hydrogen. These results indicate that gas diffusion in the anode support played an important role in determining cell performance; this suggests that, in general, SOFC performance will be strongly dependent on anode parameters including thickness, porosity, and tortuosity. For ceramic-based anodes, the anode polarization was substantially larger in propane than for hydrogen. However, the thermodynamic predictions could not directly explain the lack of coking during direct methane operation. Fuel gases containing lesser amounts of methane appear to have a much wider stability range. Thus, direct-methane SOFC stacks would be best operated at lower to the stack, will substantially improve stability. 
